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We obtained transgenic maize plants by 
using high-velocity microprojectiles to 
transfer genes into embryogenic cells. 
Two selectable genes were used to confer 
resistance to either chlorsulfuron or phos- 
phinothricin, and genes encoding either 
E. coli B-glucuronidase or firefly lucifer- 
ase were used as markers to provide con- 
venient assays for transformation. When 
regenerated without selection, only two of 
the eight transformed embryogenic calli 
obtained produced transgenic maize 
plants. With selection, transgenic plants 
were obtained from three of the other 
eight calli. One of the two initial limes 
produced 15 fertile transgenic plants. The 
progeny of these plants contained and 
expressed the foreign genes. Luciferase 
expression could be visualized, in the 
presence of added luciferin, by overlaying 
leaf sections with color film. 


Vhe most successful gene transfer techniques for 
dicots have been difficult to apply to the agri- 
culturally important cereals!?. This is primarily 
due to the cereals limited susceptibility to infec- 
tion by Agrobacterium? * and to difficulties in regenerating 
fertite cereal plants from protoplasts>. Although there has 
been some recent progress in these areas™'5, a general 
and reproduable technique for obtaining transgenic cere- 
al plants is still needed. The high-velocity microprojecule 
gun might meet these requiremenis since it has been used 
to stably transform both monocot!'* and dicot celis''7, 
Here we report using DNA-coated microprojectiles to 
stably transform embryogenic maize cells, which were 
subsequently regenerated into fertile maize plants. 





RESULTS 

Selectable marker plasmids and tissue culture selec- 
tions. Four different plasmids were used for gene transfer 
experiments (Fig. 1). pBARGUS uses the CaMV 355 
promoter. which has been shown to function in stably 
transformed maize cells*®. to express the BAR gene from 


aD 
— Agh1 intron 1 






pALSLUC als 


¥0.0 ke 





coatanee’ 

{oamsta sre 

rpakevts) 
FIGURE 1 The structures of the maize selectable marker plas- 
mids. The construction of these plasmmds will be described 
elsewhere (Fromm ct al, in preparation). The CaMV 335 
promoter, attached to the Adh! intron | fragment. is used to 
express the chlorsulfuron-resistant ALS cDNA or the firefly 
luciferase gene. The Adh]} promoter, attached to the Adhi 
first intron, is used to express the GUS coding region The 
native ALS gene had a single point mutation intro uced into 
its coding region to confer resistance to chlorsulfuron. Sym- 
bols: CaMV 35S pro, cauliflower mosaic virus 355 promoter; 
Adh} intron 1, intron | of maize alcoho! dehydrogenase |; 
ALS, acetolactate synthase; NOS 3’, nopaline synthase polya- 
denylation region; LUC, firefly luciferase coding region: 
BAR, BAR coding region; GUS. GUS coding region; Kan’. 
kanamycin resistance gene for selection in £ colt 
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were assaved for firefly luciferase expression?”. All hve i 
calli transformed with either pALSLUC or pA LSgenLUC 
expressed luciferase in the transgenic calli (Table 1). The 
one callus. pALS-}. which had been bombarded with a 
mixture of pALS and a luciferase expressing plasmid 
(pAILN; see ref. 27) was negative for luciferase expres- 
sion (Table 1). but did contain pALS DNA (see below) An 
additional CS-resistant callus did not contain transform: 
ing DNA and appears to have resulted from a spontane- 
ous mutation, presumably in one of the endogenous ALS 
genes*?. 

Three petri dishes of B73xA18B embryogenic callus 
issue were bombarded with microprojectiles coated with 
pBARGUS DNA. After 5 days on N6 media. the bom- 
harded callus tissue was placed on the same media lacking 
proline and casein hydrolysate, and containing 0.05 mefl 
PPT as a selective agent. The callus pieces were trans- 
ferred to fresh selective media containing 0.1 mg PPT 
every 3 to 4 weeks and after 4 months resistant calli were 
evident, Small pieces of the PPT resistant calli were tested 
for GUS activity by placing the dssue ina solution contain- 
ing XGLUC and screening for blue cells?!. Two such 
embrvyogenic calli. pBARGUS.-7 (Fig. 2c) and —8, were 
identified and propagated for subsequent analysis and 
regeneration. 

Analysis of transgenic calli and RO plants. DNA was 
isolated from the eight transgemse callus lines and 3: 
lyzed by the polymerase chain reaction (PCR) technique*’. 
The PCR primers were complementary 10 the CaMV 
35S/Adh] intron portion of the plasmid DNAs used for 
transformation (Fig. 1) Amplification of the DNA of all 
eight transgenic calli revealed the expected 490 bp frag- 
ment (Fig. 3). DNA blots of the amplified fragments 
hybridized to radioactive CaMV 355 probe confirming the 
identity of the 490 bp fragment (data not shown}. 

After propagating the transgenic calli on selective or 
nonselective media to increase the amount of tissue, a 
portion of each callus was used to initiale plant regenera- 
tion?® **, Although embryogenic in appearance. pALSLUC- 
5 and pALSgenLUC-6 transgenic calli did not form mature 
embryos. The other six transgenic calli contained somatic 
embryos (for example, see Fig. 2b) that could be regenerat- 
ed into plantlets that developed into mature planis in the 
greenhouse (Fig. 2d—f). 

pALSLUC-2 callus produced luciferase positive plants after 
regeneration (Table 1). However, seventeen pALSLUCG2 
plants became yellow and did not develop to maturity. 

Only ] pALSLUC-2 plant reached maturity and produced 


5. hygroscopicus as a selectable marker'? The gene product 
of the BAR gene, phosphinothricin acetyliransferase 
(PAT), acetylates phosphinothricin™ {PPT}. PPT stops 
cell growth by inhibition of glutamine synthase, but the 
acetylation of PPT by the PAT activity in transformed 
cells allows them to grow in the presence of PPT. 
pBARGUS also carries the E. coli GUS gene expressed 
from the maize alcohol dehydrogenase | (Adh1) promot- 
er’. The GUS gene provides a ronvenient screenable 
marker as GUS expressing cells become blue?! 2? in the 

resence of 5 bromo-4-chioro-3-indolyl-B-p-giucuronide 
(XGLUC). 

Two of the other plasmids, pALS and pALSLUC (Fig. 
1), use the CaMV 35S promoter to express 3 chlorsul- 
furon-resistant form of the maize acetolactate synthase 
{ALS} cDNA (M. Fromm, in preparation). Chiorsulfuron 
(CS) inhibits ALS, thus preventing the synthesis of the 
branched chain amino acids leucine, isoleucine and va- 
line?’. Expression of either the tobacco or Arabidopsis ALS 
gene, containing the same CS-resistant mutation as was 
imtraduced into the maize ALS cDNA, has conferred CS 
resistance in transgenic tobacco”***. pALS contains only 
the ALS chimeric gene, while pALSLUC also contains a 
gene that uses the CaMV 355 promoter to express the 
firefly luciferase coding region®®. The fourth plasmid 
pALSgenLUC (Fig. 1) contains the firefly luciferase gene 
and a genomic clone of the maize ALS gene that expresses 
a CS-resistant form of the ALS enzyme (M. Fromm. in 
preparation). Luciferase expression from either pALS- 
LUC or pALSgenLUC provides a convenient assay*? to 
help confirm that the CS-resistant cells are transformed. 

Maize embryogenic suspension cultures, either 
B73XA1882" ora B73XA18B derivative (C. Armstrong, in 
preparation}, were bombarded with tungsten micropro- 
jectiles coated with either pALS, pALSLUC, or pALSgen- 
LUC DNA, using previously described bombardment 
conditions'4!2 7922 After 2 to 12 days in non-selective 
liquid N6 media*? the bombarded suspension culture cells 
were plated onto agarose-solidified N6 media containing 
30 nM CS. The cells were transferred to new CS media 
after 3 weeks, and the growth of CS-resistant calli could be 
distinguished from the limited growth of the non-trans- 
formed cells 6 10 8 weeks alter bombardment (Fig. 2a). 

A total of 33 bombardments in four different experi 
ments produced six independently derived transformed 
calli: pALS-1. pALSLUC-2 to-5, and pAl SgenLUC-6. All 
of the transformed calli still appeared embryogenic (for 
example, see Fig. 2b). Portions of the CS-resistant calli 





























































TABLE 1 Summary of enzymatic and DNA analyses of transgenic calli and RO plants regenerated without selection 
Calli Immature Plants Mature Phanis 
tt NA NN soe Si i <i semsis-sindio<siemanine iso 
Plasmid- Enzyme Number Luciferase PCR of | 
callus # Assay PCR of plants Positive Fertile DNA‘ 
pALS-I Luc > 2B ND* 28 0/2B 
pALSLUC-2 LUC+ + 1B 314 ly ND 
pALSLUC-3 LUC+ + 15 15/15 15 77 
pALSLUG-4 LUC+ + 4 04 0 ND 
pALSLUG5 LUC+ + 0 
pALSgenLUC-6 LUC+ + Q 
pBARGUS-7 GUS+ 7 150 ND 150 0/150 
pBARGUS-8 GUS+ + 2 ND 2 0/2 


°ND. not determined 
617 of the 18 pALSLUC-2 plants became yellow and stopped developing The one fertile plant did noi express luciferase and 


resumably arose from non-transformed cells in the callus. 
he number of plants positive for the transforming DNA/oual plants assayed. using the polymerase chain reaction to anulyze the 


isolated DNA. 
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progeny This plant and its progeny did not contain | AGURE 2 Production of transgenic maize plants. (a) A CS 
luciferase activity. and the progeny did not contain ] resistant sector ha aut of CS sensitive cells after 8 weeks 


pALSLUC-2 DNA (data not shown), indicating that the | on CS media; (b) A -resistamt, iuciferase-expressing ém- 


, ; bryopenic maize callus transformed with pALSL C DNA; {c) 
RO plant was derived from non-transformed cells in the Babe ceene oe Sat callus transformed with pBARGUS and 


pALSLUC-2 cailug. . | incubated with XGLUC to visualize GUS expression; (d) A 
Four transgenic calli, pALS-1. pALSLUC4. pBARGUS-7 | germinating embrvo derived from embryogenic ears a 
and pBARGUS-8 produced plants that did not contain | Transgenic plantlets in plastic boxes {f} Transgenic abe 
enzyme activities or DNAs indicative of transformation | plants regenerated from ected nil ated rane 
(Table 1). These calli evidently consisted of chimeras of Lida og et geri at was pollinate : 


Progeny plants, half of which are transgenic and express 
transformed and untransformed cells Apparently, there hci ae (i) Normal, white light photograph of luciferase 


was preferential regeneration of the non-transformed cells expressing and contro! leaves; (j) Same leaves as in panel 1. 
in the chimeric embryogenic tissue. This preference | except that the luciferase expressing and control leaves were 
was most dramatic in the plants from pBARGUS-?. where | in ] mM luciferin and no external Jight source was presen 
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FIGURE 3 PCR analysis of the DNA from tebig say calli, DNA 
isolated from callus tissue served as template for PCR amplifi- 
cation using 4 primers. Two primers recognized the CaMv 
35S promoter/Adh} intron } fragment present in ail the 
plasmids used for transformation. These primers should 
amplify 2 490 bp fragment, whose posinon is mdicated by an 
arrow. The other two primers recognize the endogenous ALS 
ene and should produce a 710 bp fragmemt The 730 bp 
ragment serves 25 a control to indicate that the PCR was 
successful for cach sample. Lanes: 1, PCR without added 
template DNA; 2, non-transformed callus DNA; 3-9, DNA 
from transgenic calli. The positions of lambda DNA digested 
with Pst are indicated in base pairs. 





150 non-transgenic plants were produced from callus 
tissue that appeared to consist of at least 50% GUS 
positive cells (Fig. 2c). 

These initial regeneration events were from calli that 
were not under selection immediately prior to regenera- 
tion into plants. Recently, we have found that maintaining 
the PPT selection during the regeneration protocol gives 





TABLE 2 Enzymatic and DNA analysis of the Rj} progeny from 
pALSLUC-3 RO plants 


1.UC* Plants/ Average PCR Positives 
RO Total LUC? of 

Parent Assayed" LUC” Plants EvUct 8 60LvC™ 
CA G/? ND ND 
CB yas) 90,572 t/i Of} 
cc 6/20 04,960 3/3 of} 
CD 3/30 8.792 i/J Of] 
CE 9/33 180.7136 ND ND 
CG 12/36 )21,.513 33 6/3 
CH 12/29 45,234 6/6 Of5 
CK H2 29 146 ND ND 
co 5/6 34.682 ND ND 
CP 3/7 99 643 ND ND 
Jota] 53/120 H4/}4 G/9 


Coenen ene tt ttt tt 
"The number of luciferase positive progeny plants/total number 
analyzed. where the RO plants were erilized with non-trans- 
formed pollen. 

brhe average luciferase value of the luciferase positive plants, in 
light units per 400 yg of protcin from teaf extracts. Luciferase 
negative samples had values equal to those from untransformed 

lants. 

e number of progeny, divided into luciferase expressing 
(LUG*) or non-expressing groups (LUC™), that contain pALS- 
LUC DNAjtotal number assayed by PCR Only the luciferase 
expressing group was found to contain pALSLUC DNA ND. not 
determined. 
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mature embryos that are positive for GUS expression 
when incubated in XGLUC soluuon (data nor shown) 
The plantlets from these embryos were positive for 
pBARGUS DNA when analyzed by Southern hybridiza- 
tion (43 positives of 45 plants analyzed; data not shown). 
Additionally, we have found that maintaining the CS 
selection during the regeneration of pALS-1} call results 
in the recovery of plants that contain pALS DNA when 
analyzed by PCR (5 positives of 5 analyzed; data not 
shown). Therefore, seleclion during the. regeneration 
process has allowed us to recover transgenic plants (cur- 
rently being grown in the greenhouse) from pB ARGUS-7, 
-8 and pALS-1 calli. while these calli produced only non- 
transformed plants when regenerated without selection. 

pALSLUC-3 callus produced 15 mature plants (Fig. 2f) 
that expressed luciferase (T able 1). DNA blots of BamHI! 
digested DNA from these plants showed a constant ratio 
of the bands from the endogenous ALS gene to those 
from the introduced ALS pene from pALSLUC (Fig. 4}, 
indicating they consisted entirely of transformed cells. All 
of the pALSLUC-3 plants produced ears and partially 


feminized tassels. The tassels contained mature anthers: 


but did not shed noticeable pollen However, the ovules in 
the tassel and ear produced seeds (Fig. 2g) when ferulized 
with pollen from a non-transformed plant. 

Analysis of transgenic progeny plants. Embrvos were 
dissected from the immature seeds of some of the tassels 
and ears because endosperm development appeared to be 
slower than normal. The embryos were germinated im 
vilra on N6 media without hormones, and the plantlets 
returned to the greenhouse (Fig. 2h). These R] progeny 
from the pALSLUC-3 RO plants were examined for 
luciferase expression (Table 2). Assays of the leaves 
showed luciferase expression in 44% of the progeny, very 
close to the 50% expected from seeds fertihzed with 
pollen from a non-transformed plant. PCR analysis of 
DNA isolated from leaves of some of the progeny (Table 
9) indicated that ail the luciferase expressing plants con- 
tained the transforming pALSLUC DNA (14/14) while 
none of the luciferase negative plants did (0/9). 

DNA blot analysis of the R] progeny, using a luciferase 
probe, showed co-segregation of the same pattern of 
bands as the parental callus (Fig. 5). Additionally, the 
luciferase probe hybridized to DNA larger than 25 kb 
when uncut DNA was used (Fig. 5, lane 10), indicating the 
transforming plasmid was integrated into the chromo- 
somal DNA. These data indicate that the DNA was stably 
maintained in the progeny and indicate that there was 
only one integration site since the three hybridizing bands 
co-segrepate in the 12 plants analyzed (Fig. 5, and data not 
shown). | 
A leaf.of one of the progeny that expressed the highest 
levels of Juciferase was bathed in ] mM luciferin and 
placed under Alm to visualize luciferase expression*®. All 
parts of the leaf appeared to be expressing luciferase, 
although not at exactly the same levels (Fig. 2}). A control 
leaf, which was placed adjacent lo the luciferase express- 
ing leaf (Fig. 2i}, did not show any light emission. 
Transgenic progeny also contained CS-resistant ALS 
enzymatic activity that was not present in the non-trans- 
genic sibling plants (Table 3). Additionally, preliminary 
results with spraying transgenic and non-transgenic plants 
with a 7x 1075 M CS solution indicate that the transgenic 
plants continue to grow normally. while the non-trans- 
genic plants show yellowing and stunted growth {data not 
shown). Thus, both the ALS and LUC genes seem to be 
expressed in the transgenic progeny plants 

The transgenic R} plants had normal tassels and shed 
norma) amounts of fertile pollen (data not shown). Thus 
the initial male sterility of the RO plants was not due to the 
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transferred genes, but was probably related to the age of 
the embryogenic suspension culture. 


DISCUSSION 

These experiments demonstrate that gene transfer by 
microprojectiles can result in stably transformed embryo- 
genic maize cells. Most of the PPT or CS resistant call: 
recovered were stil] embryogenic indicating these selective 
agents do not destroy the embryogenic capacity of the 
cells. We obtained eight independent transgenic calli in 
five different experiments with three different cell lines. 
Although al} three cell lines were derived from 
Al88xB73 hybrid genotypes, we expect this approach 
will be applicable to any maize genotype that can form 
embryogenic cultures. 

Six of these transformed callus lines regenerated into 
plants. Initially, only two of these lines gave transgenic 
plants; the other four lines yielded non-transformed 
plants, indicating that the original calli consisted of both 
transformed and non-transformed cells. The chimeric 
naiure of the transgenic calli is not surprising given the 
multicellular target initially bombarded and the mild 
selective conditions used. The initial selection protocols 
used the lowest effective amount of C5 or PPT in order to 
minimize any detrimental effects on the repenerability of 
the transformed calli. These conditions apparently allow 
non-transgenic cells to be protected by the transgenic cells 
in the callus, allowing the non-transgenic cells to prolifer- 
ate while under selection. 

The problem of non-transgenic plants regenerating 
from chimeric transgenic calli was solved recently by using 
PPT and CS selections during regeneration. Under these 
conditions, we recovered transgenic plantlets from three 
of the four callus lines that initially gave nontransgenic 
plants. (These plants are currently being grown to matun- 
ty). The CaMV 35S promoter is apparently expressed at 
sufficient levels in the right types of cells to confer 
resistance in the callus, embryo and plantler stages of 
regeneration, as well as in the plant. Taken together with 
the firefly Juciferase expression data, these results suggest 
that the CaMV 35S promoter will be useful for the 
expression of selectable markers and genes in maize 
plants, as has been found in maize callus cells? 434. 

Of the two cell fines that initially produced transgenic 
plants, only one gave rise to fertile plants that transmitted 
the new genes to their progeny. This line gave rise to 
multiple fertile plants. When these were pollinated by a 
non-transformed plant, 1:1 co-segregation of luciferase 
expression and the transforming pALSLUC DNA was 
observed in 44% of the progeny, very close to the 50% 
expected, The transferred genes were stably maintained 
and expressed in the progeny as has been found in other 
12.17.36 Although the iniual 
RO plants were male sterile. the RI] transgenic progeny 
plants were male fertile. This shows that the initial sterility 
was not associated with the transformation event and was 
probably associated with the age of the suspension cul- 
ture. 

Improvements in the frequency of transfarmation, in 
the selection prorocol. and in the regenerability of the 
target cells should lead to an increased frequency of 
obtaining fertile, transgenic maize plants. The demonstra- 
tions of microprojectile-mediated stable transformation of 
non-regenerable'* and regenerable maize cells indicates 
that more difficult target cells such as those in maize 
meristems might also be possible to transform. Addition- 
ally, since transient gene expression requires both gene 
transfer and gene expression, and has been demonstrated 
‘1 a number of cereals?”29, it seems likely that micropro- 
jectiles can be used 10 stably transform these other cereals 
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FIGURE 5 DNA bio of pALSLUC-3 R} progeny of two RO 
plants. BamH] digested DNA isolated from RI leaves was 
electrophoresed, blotted, and hybridized with radioactive 
luciferase probe Lanes; J, J0 pg BamH} digested pALSLUC 
plasmid: 2. nontransgenic control plant DNA: 3, pALSLUC-3 
callus; 49, Rl progeny from cither pALSLUC.3 -CC or -CG 
RO parent plants; 10, uncut pALSLUC-3-CC-AE DNA (lane 5 
contains the same DNA digested with BamHI) The results of 
assaying the same plants for luciferase expression, + or ~, is 
indicated at the bottom of the gel lanes. 





EXPERIMENTAL PROTOCOL 

Plasmids and cell lines. The plasmids used in this study are 
shown in Figure § and will be described in detail elsewhere 
(Fromm et al.,in preparation), Immature embryos were used to 
initiate embrvogenic callus as described**™, Friable, embryogen- 
ic calli were grown on agarose solidified N6 media [N6 salts’, pH 
58. 2% sucrose, }00 m/l cascin hydrolysate, 100 mg/ myo- 
inositol, | 3 mg nicotinic acid, 0.25 med each of thiamine-HC], 
lola and calcium pantothenate] containing 25 mM pro- 

ine and ] or 2 mg/l 2,4-D. Suspension cultures were initiated b 
placing friable embryogenic callus in 40 ml of N6 media in a 125 
ml erlenmyer flask and subculturing every 3 days. The 
A188xB73 callus line, the AJ88XB73 and the B73%A18B deriv- 
ative suspension cultures had been inivated 5, 5, and 13 months 
prior to the transformation experiments, respectively 

Gene transfer and selection of transformed cells. Embryogen- 
ic callus or suspension cells were bombarded with | kim iengsten 
microprojectiles using a Biolistics particle acceleration device 
{Dupont, DE} and the DNA precipitation conditions previously 
described '* 45 79°, Two to 12 days after bombardment. the cells 
were placed on agarose solidihed N6 media coniaining 50 nM 
chiorsulfuran {for pALS, pALSLUC ar pALSgenL UC) or media 
containing 0.05 pg/ml PPT and lacking proline and casein 
hydrolysate (for pBARGUS) and selected as described in the text 

Plant regeneration. Regeneration was initiated by placing the 
transformed callus tissue On NG media with 0.1 mg/l 2,.4-D for 7 
to 30 days. Somatic embryos were then placed on N6 media 
containing 6% sucrose and jacking hormones for an additional 7 
to 10 days. Embryos showing a shoei apex were transferred to 
MS media without 2,4-D [MS salts*®?, pH 5.8, 2% sucrose and 
vitamins and inositol as described above for the N6 medium] and 
placed in a lighted growth room. Germinated plantlets were 
placed in plastic boxes (Magenta) containing the same media. 
Once the plants reached the third or fourth leaf stage. they were 
transferred to soil {2 parts vermiculite to | part potting soil) and 
placed in a mist arate? for up to | week prior to transfer to the 
greenhouse. Plants were tested for resistance to CS by sprayin 
with a 7% 107° M CS solution {in 80% acetone. 5% glycerol. 15% 
waler. 0.2% Tween-20}. 

Enzyme assays. Callus or leaf tissue was ground in a cold 
mortar and pesue and luciferase enzyme activity was measured as 
described”? using a luminometer (Monolight 200}, Analytical 
Luminescence Labs}. Leaves from untransformed plants gave a 
slight background reading that was not dependent upon added 
luciferin ALS activity was measured as described*! excep: that 


CONFIDENTIAL 


Filed 01/30/2006 Page 7 of 22 


crude exiracis were assayed directlhh. GUS activity in cells was 
observed tn situ by incubation with XGLUC in GUS assay buf- 
fer®?. To visualize in situ luciferase expression, the back surface of 
the leaf was abraded with 400 grit carbide paper, soaked in 5 ml 
of luciferase assay buffer?’, covered with a 0.5 mil polvethyiene 
sheet followed by a sheet of Kodak Ektachrome 200 film and 
exposed for 3 hr 

DNA isolation and analysis. DNA was isolated from calius and 
icaf tissue using a CTAB protocol”. For PCR analvsis, 2 to 3 pg 
of DNA was heat denatured at 95°C for B min prior to starung 
the PCR eveles. The complete PCR mixture was UV treated for 5 
min® prior to adding the DNA template The primers that 
recognize the maize ALS gene, cither the endogenous pene or 
the chimeric genes. were 5'-CGACGACCCACTOTCACTGC-3' 
and 5“ TCCTCCCACTGCACCACCAT-3’ and are expected to 
give a 710 bp product. This 710 bp band serned as a positive 
internal control for an effective PCR, as some samples did nat 
yield ans bands. The primer that hybridizes to the CaMV 358 
promoter was 5’-GATGCCTCTGCCGACAGTGGTC-3 and the 
Adh] intron ] primer was 5'-CCAGACTGTCGGATGGACCA- 
CAC.-3". These two primers should yield a 490 bp product that is 
diagnostic for the transforming plasmids The PCR cycle was |} 
min at 94°C, 2 min at 60°C and 2 min at 72°C, for a total of 30 
cycles, For DNA blot analyses, 5 10 10 pg of DNA was digested 
overnight with BamH] restriction endonuclease, ciectrophoresed 
ona 0 8% agarose gel and transferred toa nvlon membrane Alter 
(Hybond, Amersham) The blots were hybridized with ??P-radio- 
active probes made from agarose get perihed fragments of cither 
the 2.2 kb ALS cDNA fragment or the ] 8 kb luciferase fragment 
(Fig 1), char were labeled by the random priming method"! 
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Factors influencing the efficiency of DNA 
delivery into suspension culture cells of 
Zea mays by the particle bombardment 
process were studied using a chimeric 
gene coding for the production of B-gluc- 
uronidase. Two days following bombard- 
ment with plasmid-coated microprojec- 
tiles, expression of the B-glucuronidase 
gene was detected with the synthetic sub- 
strate 5-bromo-4-chloro-3-indoyl-B-p- 
glucuronic acid, which, upon cleavage, 
forms a blue precipitate visually detect- 
able within affected cells. The number of 
cells expressing [B-glucuronidase was 
about 30 times greater when the cells were 
bombarded on a filter paper support than 
when they were bombarded while coyered 
by liquid media without such a support. 
The efficiency of gene delivery was also 
significantly affected by the velocity of the 
microprojectile and the number of micro- 
projectiles used for bombardment, and the 
concentration of CaCl, and spermidine 
used to adsorb DNA to the microprojec- 
tiles. In addition to cell cultures, the parti- 
cle bombardment process was also used to 
deliver the B-glucuronidase gene to intact 
cells on the surface of excised Z. mays 
embryos. The results indicate that deliv- 
ery by high-velocity microprojectiles may 
be useful for the stable transformation of 
monocot species. 


% roduction of whole, transformed plants of species 
of the Graminae family has proven difficult, pri- 
marily because of the limitations of DNA-transfer 

ce techniques and the problems associated with the 
regeneration of protoplasts to whole plants. Techniques 
such as electroporation’, direct DNA uptake*. liposome 
fusion*, and microinjection’ generally require the enzy- 
matic removal of cell walls. Although progress has been 
made toward regenerating protoplasts of rice** and 
corn’, the efficiency of the process ts still rather low and 
‘ for most grain species successful regeneration has yet to 
be reported. Potential exists for the utilization of Agrobac- 
lerium® and viruses? as vectors for the introduction of 
foreign nucleic acids to regenerable cells of cereal spectes 
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but as of vet such techniques have nat vielded trans- 
formed plants. Therefore. the development of techniques. 
that can efficiently deliver DNA directly inte intact cells 
and tissues possessing the potential for regeneration into 
whole plants would be beneficial for further progress 
toward the genetic transformation of the Graminae. In 
addition, such direct delivery techniques would be of 
value for the study of transient gene expression in various 
intact tissues. 

We have previously shown that small tungsten particles 
can be accelerated to velocities that permit their penetra- 
tion of intact celis'¥"") By coating these microprojectiles 
with DNA. they can be used as a means for the transfes of 
foreign genetic material into intact cells and tissues. The 
utility of this biolistic (biological ballistic) process has been 





and nucleus (5. Johnston, personal communication) of 
yeast, the chloroplast!’ and nucleus (K. Kindle, personal 
communication) of Chlamydomonas, epidermal tissue of 


of the important parameters necessary for DNA delivery 
into 2. mays cells by microprojectiles have been deter- 
mined using achimeric gene coding for the production of 
chloramphenicol acetyitransferase (CAT). For example. 
high levels of CAT expression were detected in suspen- 
sion cultures following bombardment with DNA-coated 
tungsten particles with an average diameter of 1.2 pm but 
not with 0.6- or 2.4-m particles!*, Although CAT expres- 
sion was readily detected following bombardment with 
plasmid-bearing microprojectiles, it remains unclear as to 
the number and type of cells that were actually expressing 
the foreign gene. in this report we employ the particle 
bombardment process to deliver a chimeric B-glucuroni- 
dase (GUS) gene'*'® into suspension cultures of Z. mays. A 
reaction product of the GUS enzyme can be detected 
histochemically using a synthetic substrate and therefore 
the number of cells that receive the forcign gene can be 
visually determined. Using this system. we have optimized 
some of the bombardmern conditions (i.ec.. distance. de- 
gree of vacuum, quantity of microprojectiles.. etc.) that are 
critical for the efficient delivery of DNA by high-velocity 
microprojectiles. 


RESULTS AND DISCUSSION | 
Delivery of GUS-encoding plasmid DNA. Initial at- 
tempts to deliver GUS-encoding plasmid DNA (pAl- 
;GusN) into intact BMS cells involved bombardment of 
suspension cells that were covered with a thin laver of 
liquid medium. The cells were thus bombarded without 
being anchored to the surface of the petri plate. Following 
bombardment with 1.2-pm microprojectiles. cells express- 
ing the GUS enzyme were observed after addition of the 
artificial substrate. In some cases, a dense blue precipitate 
was observed throughout the interior of single cells (Fig. 
1A) and this precipitate was confined within the cell. In 
other cases. aggregates comprised of up to about 20 cells 
stained densely blue (Fig. 1B). The number of cells within 
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these aggregates that actually harbor the foreign gene is 
not known and there are several possible explanations for 
their formation, Each cell comprising an aggregate may 
have been penetrated and subsequently expressed the 
GUS gene. Alternatively, only one or several of the cells in 
the clump expressed the foreign gene. but these ceils were 
expressing to such an extent that enzyme or reaction 
products diffused or leaked from the cells causing poor 
localization. Another possibility is that the enevme. but not 
the GUS gene, was transferred to daughter cells upon 
division. Because the number of cells actually expressing 
the foreign gene within the aggregates is not clear, each 
blue spot (whether an aggregate or a single cell) was 
considered as one expression unit. 

For cells bombarded in liquid medium, the mean num- 
ber of expression units observed was 10.5 (n=10, S. 
E.=1].1, Range=0 to 32). None of the samples bombarded 
with naked microprojectiles or microprojectiles coated 
with pUC8 (the vector used to construct pAI,GusN)} 
exhibited blue cells or cell aggregates. These results 
indicated that the GUS gene was delivered into intact 
maize cells by microprojectiles but the efficiency of trans- 
fer was low {about £ in 10%). 

Cell size. The size of cells expressing GUS activity 
following bombardment was examined to determine if 
small cells survive penetration by the microprojectiles. 
Previous research with the particle gun indicated that the 
large epidermal cells of Alltum cepa readily survive pene- 
tration by microprojectiles'. A partion of the cells in the 
BMS suspension cultures are relatively large with dimen- 
sions of about 50 to 75 by 100 to 150 pm. Therefore there 
was a possibility that the CAT expression that kad been 
previously observed in BMS suspension cultures'4 was the 
result of penetration of these very large cells. Observa- 
ions using the GUS marker indicate that this is not the 
case. Although some large cells were stained biue, the cells 
expressing the GUS gene were typically ovaid in shape 
with’ diameters of about 15 to 50 pm. These results 
indicate that survival of penetration is not limited to 
abnormally large celis and readily occurs in relatively 
small cell types. 

Anchoring cells. Observation of the cells following 
bombardment indicated that a portion of the sample was 
lost due to dispersal caused by the impact of the micropro- 
jectile preparation on the suspension of cells. Since the 
cells that were lost during bombardment might represent 
many of the cells that had been penetrated by the micro- 
projectiles, methods to anchor the cells during bombard- 
ment were investigated. A simple means of anchoring the 
cells involved the use of filter paper as a support to hold 
the cells in place. Not only did the fibers of the filter act to 
anchor the cells during bombardment but the subsequent 
incubation and staining of the cells could be performed 
directly on the filter paper. The importance of anchoring 
the cells during bombardment becomes apparent when 
the efficiency of gene delivery is monitored. For 10 
replicates, an average of 323.3 expression units were 
observed (S. E.=71.6, Range=231 to 437). 30 times great- 
er than was observed when the cells were bombarded 
directly in liquid medium. En the area of the filter where 
most of the penetration leading to expression occurred 
(about 1 cm’), the Frequency of gene delivery was about 
2x10"? This value assumes that the GUS-expressing 
aggregates are the result of penetration of only one cell. 
Controls bombarded with uncoated or pUC8-coated mi- 
croprojectiles did not yield blue cells, All subsequent 
experiments were performed with the filter paper sup- 
port. 

Effect of microprojectile volume. Other factors that 
may influence “blow away” of cells were investigated. One 
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such factor is the volume of microprojectile preparation 
that is loaded on the macroprojectile and which subse- 
quently impacts the cells. An experiment was conducted 
to determine the optimal quantity of the DNA-micropro- 


jectile preparation that was loaded onto the leading face 


of the polyethylene macroprojectile (Fig. 2A}. GUS 
expression was highest when relatively small volunies 
(1.25 or 2.5 wl) of the preparation were used. In this 
experiment, increasing the volume to 3.0 er 10.0 pl feel to 
a drastic reduction in the number of expression units 
observed, The impact of the larger quantities clearly 
caused severe loss from the central zone of the filter 
paper. . 

Effect of DNA quantity. The quantity of DNA ad- 


sorbed to the microprojectiles was varied between 0.3 and 


8.0 pg of DNA per mg of tungsten (or between 39 and 
625 ng of DNA per bombardment, assuming that all of 
the added DNA is adsorbed to the microprojectiles) (Fig. 
2B). Over 100 expression units were detected when borm- 
bardments were carried out with as litle as 0.5 pg of DNA 
per mg of tungsten (39 ng of DNA per bombardmenv. 
The greatest number of expression units was observed 
when 2.0 pg of DNA per mg of tungsten was used. 
Increasing the quantity of DNA above 2.0 yg per pg 
tungsten did not result in the appearance of larger 
numbers of expression units. Relatively high concentra- 
tions of DNA resulted in severe aggregation of the micro- 
projectiles and the resulting aggregates were not readily 
dispersed by sonication, Large aggregates of microprojec- 
tiles apparently were not effective for DNA delivery. 
Effect of CaCl, and spermidine. The concentration of 
CaCh and spermidine that was used to precipitate DNA to 


. the surface of the microprojectiles influenced the efficien- 





FOGRE PA. Micrograph of a GUS-cxpressing BMS cell follow- 
ing bombardment with plasmid-cuated microprojectiles. incu- 
bation far 48 hours, and treatment with a substrate whose 
product can be visually detected. B. An aggregate of about [0 
cells that stained blue following bombardment (bar=20 pm). 


TABU! The influence of quantity and size of the micraprayec- 
tiles used for bombardment on the appearance of cell aggre- 
gates that stained blue following treatment with the sy niece 
substrate. ; , 








Diameter of microprojectiles (j2m)} 
I eign ee ae 








Quantity of 0.6 1.2 2.4 
microprojectiles ie oeibisgh of aggregates as & 
(re/pl) of total expression untts) 
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cy of DNA delivery. Eliminating CaCl, from the tungsten- 
DNA preparation resulted in poor DNA delivery aun an 
average of only 3 expression units per treatment (Fig. 2C). 
Bombardment with microprojectiles prepared in 0.12 M 
CaCi; yielded about a 10 fold increase in the number of 
expression units. Delivery of the GUS plasmid was highest 
when CaCl; concentrations were between U.24 and 1.9 M. 
Increasing the concentration to 2.4 M resulted ina decline 
in the number of expression units that were observed. 
The addition of spermidine to the DNA-tungsten prepa- 
ration also had a marked effect on DNA delivery (Fig. 
2D). Relatively few expression units were observed when 
the concentration of spermidine was 1.53 mM or lower. At 
spermidine concentrations between 7.69 and 76.0 mM the 
number of expression units ebserved was between 100 
and 300. Other methods for binding DNA to the micro- 
projectiles should be investigated since it may be possible 
to further optimize this parameter. It is apparent that 
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ROGERS 2 The influence of several bombardment variables on 
the transient expression of B-plucuronidase in BMS ceil 
cultures. A. Effect of the volume of the lungsten-DNA prepa- 
ration placed loaded on the face of the macroprojecule. B. 
influence of the + habe of DNA adsorbed tw 1.2-pm micro- 
projectiles. C. Influence of the concentration of CaCh used in 
the adsorption of DNA to the microprojectiles. D. Influence 
of the concentration of spermidine used in the adsorption of 
DNA to the microprojectiles, E. Effect of particle size and the 
quantity of particles used for bombardment. 
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adsorption of the DNA direct to the surface of the 
microprojectiles is necessary for efficient DNA delivery, 
The precipitation procedure mav also be of importance 
since the candensed material mav be less susceptible to 
degradation by intracellular nucleases. lt also seems a 
parent that rates of desorption of the introduced DNA 
should inuence subsequent expression. Desorption with- 
in the cell may be influenced he the manner in which 
DNA is adsorbed to the microprojectiles. 

Optimal number and size of microprojectiles. (n 
experiment was performed to determine the opunial 
quantity and size of micropreyjectiles used for the bom. 
bardment of BMS cells. In this experiment the volume of 
the microprojectile-DNA preparauun used to bombard 
the cells was kept constant at 2.5 pl Figure 2E shows the . 
number of expression units that were observed following 
bombardment with different quantities of pA CusN- 
coated microprojectiles with diameters of cither U.S. 1.2. 
or 2.4 pm, Over 500 expression units were abserved when 
bombardment was performed with DNA-tungsten prepa- 
rations containing between about 30 to 60 mpalthe | .2- 
um particles per pl. Bombardment with either smaller or 
larger quantities resulted in the appearance of fewer 
expression units. Microprojectiles with an average diume- 
ter of 0.6 or 244 xm were less efficient for pene delivery 
than the 1.2-pm microprojectiles. For the 2.4-pm micro- 
projectiles, the highest number of expression units 
(163214) was observed when the concentration of lung: 
sten was 62.5 pg per pl. Decreasing the quantity af 2.4-pay 
microprojectiles below 62.5 py per pl resulted in the 
appearance of relatively few expression units. Only | to {7 
expression units were observed following bombardment 
with 0.6-4.m miccoprojectiles. These results are in veneral 
agreement with previous work using the CAT murker 
with BMS cell cultures!', although CAT expression wus 
below detectable limits when bombardments were carried 
out with U.6- or 2.4-pm microprojectiles. Small ditlerences 
fic, O.1-0.2 pm) in diameter should influence the ability 
of the microprojectile to penetrate cell walls and mem= 
branes. Therefore it is tikely that we have not vet deter- 
mined the optimal microprojectile size for DNA delivery. 
Such a determination must await the production of more 
uniformly sized powders with precisely controlled diame- 
(ers, 

The area of the filter paper over which expression units 
appeared tended to increase with Increasing quantities of 
L.2-pm_ microprojectiles. Very high quantities (about 
30 to 80 pe per ph of microprojectiles resulted in a 
brnader coverage, but created a cone of dead cells in the 
center of the filter caused by the impact of an excess of 
microprojectiles. Although Adds cepa epidermal cells can 
survive penetration by many micraprajectiles™. it is nest 
clear how many penetration events can be tolerated bs 
smaller cell types such as those found in the BMS suspen- 
sion cultures. 

The frequency of cell aggregates versus single cells that 
stained blue was not constant between treatments and 
depended on the number of microprojectiles used ta 
bombard the sample. Expression units were considered as 
aggregates only if all the cells of the aggregate were 
stained to an equal intensity and were comprised of at 
least 5 cells. Only 1 per cent of the expression units 
occurred as aggregates when the concentration of L.2-ym 
microprojectiles was 3 wg per wl (Table 1). This propor- 
uon tended to increase with the use of larger numbers of 
microprojectiles. For example, 12 per cent of the expres- 
sion units appeared as aggregates when the microprojec- 
tile concentration was 78 bg per wl. A similar trend was 
observed with the 2.4-nm microprojectiles. Only single. 
isolated blue cells- were observed when bombardments 
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were conducted with the 0.6-pm microprojectiles. | 

We feel that the uniformly stained GUS-expressing 
aggregates were probably nat the.result of poor localiza 
tion of the enzyme or reaction product since the blue color 
in these cases was often confined within the densels 
stained cells. In addition, cells adjacent to the GUS. 
expressing aggregates were often not stainecl. These re- 
sults suggest that each of the cells within the GLS- 
expressing aggregates received the foreign gene anid that 
the likelihood that such closely shuated penetrations occur 
increases with the impact of larger numbers of micropro- 
jectiles. [f each of the cells within the cell aggregates are 
expressing the GUS gene, it suggests. that the microprojec- 
tiles impact the target tissue as small dispersed clumps. ft 
also suggests that the tendency for the microprajecti es tt 
be accelerated as diffuse clumps increases as more micro- 
projectiles are used. Such a nonuniform or clustered 
dispersion pattern is apparent when the pattern of micro- 

rojectile impact is observed on filter paper that was 
bornberded without cells. 

Effects of vacuum and distance. Parameters that influ. 
enced the velocity of the microprojectiles affected their 
ability to deliver DNA. One such factor is the degree of 
vacuum in the sample chamber during bombardment 
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PGE ZA. The influence of the degree of vacuum in the 
sample chamber during aH a hl acceleration un the 
transient expression of the GUS gene in BMS cells. B. Effect 
of the distance between the stopping plate and target cells on 
the delivery of the GUS gene. 
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Figoar aGUS exoression on the surface of the scutellum of 2 
maize embryo. The blue spots visualized with a dissecting 
microscope generally represented expression of a single cen- 
tral cell with staining being less intense in a radial arrange: 
ment away from the central cell (bar=0.5 mm). 
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(Fig. 3A). The largest numbers of expression units were’ 
observed at the highest vactiuthy tested (28 in, of Hg}. The 
number of ceils expressing the foreign gene drupped 
dramatic, when the vacttum was below 26 in. of He 
with onls at few bhi¢ spits being observed in the ithsenie af 
a vacuum. Phe increase mi efliciency with. inereusing 
vacuum is probabh. due to the reduction of air resist ince 
that both the macroprojectile and niicroprojectiles en- 
counter. therehy increasing their velocite. The increased 
velocity of the microprajectiles results in greater efictency 
of penetration of cell walls and membranes. 

Figure 3B shows tie influence of distance between the 
-celis-being bombarded and the stopping plate at the end 
of the particle gun, Highest nuntbers of expression units 
were observed when the sample was @ om fran the 
stopping plate. The number of expression outs decreased 
as the distance hetween the cells anel particle accelerator 
was increased. Relatively few expression units were detect 
ed when sumples were bombarded at a cigtnce of £7 cn. 
These results are not surprising since che nic reopreajere tiber’s 
final velocity is related to air resistance. Che deceleration 
of the microprojectile that is cGiused bs air cesistance 
increases as clistance is incresseel. 

Delivery of GUS-encoding plasmid DNA to immature 
embryos of Z. muys. In additiun to the bombardment of 
tissue culture cells, we have used the partide wan to 
deliver GUS encoding plasmid to che surface cells ot 
iramature embryos of Z. ways (Fig. 4). Atte hombardmen 
with 12m microprojectiles and treamment with the GUS 
substrate. up to 23 blue spots could be visualized an the 
scutelum with the atid of a dissecting micros ope. Ehese 
relatively large blue spots were clearh the result of diflu- 


Sion from a densely stained central cell. Some of the blue 
Spots arose from the penetration af cells tour 2 lasers 


below the surlace: GUS expression in these cies led to 
the appearance of spherical blue spots localized below the 
surface of the scutellum, Penetration of several cell kivers 
of an intact Ussue by microprojectiles ies been presioush 
observed in A. cepa bulb tissue.t’, [ny adelition to the large 
blue spats observed with the disseetiny seope, gay Gubout 
30 to 50) single cells expressing the GUS wene could he 
abserved under higher magnification, These results indi- 
cate that the particle homburdment process can be used 
for gene delivery to plant cells with diameters ol about 10 
Em, a size more tvpical of cells that hive potential lor 
regeneration. Because embrvos and cmbrvagenic callus 
can be generated from the surface of aatize seutellum! 
this tissue will be a prime target fear Eertare .tttemipts te 
deliver selectable markers with the particle gun. Addition- 
ally, the wbility to deliver DNA to ues and presturrtabaly 
Other intact ussues should aid in the study ob tissue 
specific pene expression, 

Recent results (manuscript in preparation) indicate thitt 
stably transformed cultures of maize and tobacce ain be 
recovered by gene transfer with microprajectiles using the 
opumized parameters thar are detailed in the present 
study. Our finding that small as well as large cells sursive 
penetration as indicated by expression of the transferred 
GUS gene suggests thut small embrvogenic cells should he 
capable of continued division. Coupled with continued 
improvements in the efficiency: of the particle bomisurcl- 
ment process. this gives us reason to believe that stable 


transformation leading to the recovery of whole plants is 
possible. 


EXPERIMENTAL PROTOCOL. 

Plasmids and plant material. The 6.3 kb plasmid pAl'GusN 
consists of the alcohal dehydrogenase } promoter. a fragment 
from intron f of the Adh } gene™. 2 GLS coding region’". and 
the dg nia ssnthase polvadenstation region inseried intu 
pULC8. Suspension cultures of Zea mays cv Black Mexican Sweet 
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.{ were kindly provided by V. Walbot (Stanford University). The 


cukures were grown in Murashige and Skoog salts’ supplement- 
ed with 2,4-D (2 mg-l7'}, sucrose (30 B 1” and BS vitramins™. 
The cells were maintained on a rotary shaker (100 rpm) and were 
splic I: with fresh media every 3 days. 

Bombardment of suspension cells, Two methods were used to 
prepare the suspension cells for bombardment with the micro- 
projectiles. In the Arst method, cells were collected on filter 
paper with the use of 2 Buchner funnel, and 100 mg (fresh 
weight) of tissue was placed in 2 3.3 cm Pats plate. The cells were 
eveniv distributed over the surface of the plate by net naan 
them in 0.5 mil of fresh media. In the secand method.the cells 
were distributed aver the surface of a piece of filter paper. To 
accomplish this, about HG mg of tissue tfresh weight) was 

- collected .on hlter_paper iM batmanan JF 4. a3 cin} by sacuum 

Altration of 3 ml of suspensiun culture (1 10 cells per mi). The 
cells were collected in such a was that thes were evenly lavered 
over the surface uf the filter paper. [tis important that the laver 
of cells applied te the Alter be as thin as possible. Three luvers of 
Alter paper were moistened with 1.4 mi of MS media and 
centered in a 7.5 cm petri dish. The hlter paper bearing the cells 
was then placed over the 3 lavers of filter paper. The samples 
were bombarded with tungsten particles coated with DNA as 
nreviausty described!! except some af the parameters (ie... dis- 
tance of the cells from the particle gun. degree uf vacuum. 
quantity of microprojectiles. etc.) were varied as discussed in the 
text. Unless otherwise stated. cells were bombarded 10 cm from 
the end of the burrel of the particle gun. The vacuum in the 
sample chamber was 24 inches of Hg during the bombardment 
In ail the experiments at least 3 replicates were performed Ee 
treatment. To adsorb pAl'GusN to the micruprojectiles, 5 pi of 
DNA (I eg per wl of TE bulfer. pH 7.7) was added ta 25 pl of a 
suspension of tungsten particles (0.05 rmi distilled water) in 
a 1.3-m!) Eppendorf tube. Following addition of the DNA. CaCl 
(25 wl of 4 2.5 M salutton) and spermidine free base (10 pl of a 
0.1 M solution) were added ta the suspension, After 10 min the 
particles setied tu the bottom of the tube ind a portion of the 
supernatant (25 pi) was removed, The final microprojectile 
preparation therefore cuntuins 3} py of tungsten per pl of 
suspension and 4 pg of DNA per mg of tungsten. The clumps of 
particles were dispersed by briefly (1 sec) touching the outside of 
the Eppendarf tube to the probe thorn typer of a sonicator 
iramediately after sonication, 24 pl of the cungsten-DNA sus- 
pension was placed on the front surtace of a cylindrically shaped 
polvethvlene muacroprajectiic. The mucroprajectile was then 
placed into the barrel al the particle gun and accelerated as 
previously described’. To determine the optimal quancity and 
size Of microproyectiles used for bombardment. the concentration 
of particles in the tungstensDNA preparation was varied between 
3.f and 78.1 pg per gl while the BNA to tungsten ratio was held 
constant at | ug of DNA per mg of tungsien. In this experiment. 
adsorption of DNA to the microprojectiles employed the same 
quantities of CaCl and spermidine as stated above. 

Analysis of GUS expression in BMS ceilx, Following bom- 
bardment. the cells were incubated either in fresh liquid media ur 
on the Bher paper on which thes were bombarded. The cells 
bombarded without the filter paper support were transferred 
fram the peti dish io 3 mb of fresh media in a 15-1 poly propvl- 
ene tube and incubated at 27°C on a retary shaker (100 rpm. 
After 48 hours cells were harvested lor analysis by centrifugation 
at 8.000 x g for 10 min. The supernatant was removed and the 
ceils were transferred tu a glass microscope slide, The synthetic 
substrate, 5-brone-dchlored-indoyi-B-u-plucuranic acid (Re- 
search Organics), was used io detect GUS expression. The 
substrate mixture contained potassium ferricyanide (5 mM), 
potassium ferrocvanide (5 mM). the GUS substrate (039% , wis), 
sodium phosphate buffer (U.1 M, pH 7.0), and Triton x-100 
(0.06% viv). The substrate mixture (0:2 mi) was added to the cells 
and the mixture spread over the surface of the slide. The sample 
was incubated in a humidified chamber for 24 h at 22°C and then 
analyzed microscopically for cells that had developed the blue 
precipitate. The precipitate is formed as a result of the dimeriza- 
ion of the indovi derivative of the enzymatically cleaved sub- 
strate!™, Cells bombarded on filter paper were subsequent [eft 
on the Alter and incubated for 48 hat 22°C: in @ petri plate that 
was sealed with parafilm. The top filter with cells was then 
transferred to a petri dish omo which 75 wl of the GUS substrate 
was previously spotted such that the Alter paper adsorbed the 
substrate evenly over iis entire area. The petri dish was then 
sealed and incubated for 24 h at 22°C. The cells on the Alter 
ep were then observed with a microscope and the number of 
individual cells or aggregates of cells that developed the blue 
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precipitate were counted. Each blue spat twhether a single. 
wolated cell or an aggregate of cells) was counted as one “expres- 
sion unit.” 

Bombardment of Z. mays embryos. immature embrivas abut 2 
mm-in length were collected 16 dass after fenilization fram 
kernels of genotype Al8H. About 30 embrvas. with either the 
scutellum or embrve axis facing upward, were placed on agar 
medium in the center of « petrs dish such that ie conered an 
area of 2 cm*. The medium cansisted of NG basal salts ind 
Vilamins*! supplemented with 20 mM proline. 2.4-D (2 mg lt, 
sucrose (26 gf), and agar id gil) at pH S38 The embrios vere 
bombarded with 12am micraproyectiles as described and incu- 
bated for 48 hours at 2") The embrnos were then remived 


Aa the agar medium and sraked in the GUS substrate for 12 
SUlS cn at oe 
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ABSTRACT This report describes a process for delivering 
foreipn genes into maize cells that does not require the removal 
of cel} walls and is capable of delivering DNA into embryagenic 
and nonembryogenic tissues. Plasmid harboring a chimeric 
chloramphenicol acetyltransferase (CAT) gene was adsorbed to 
the surface of microscopic tungsten particles (microprojec- 
tiles), These microprojectiles were then accelerated to velocities 
sufficient for penetrating the cell walls and membranes of maize 
cells in suspension culture. High levels of CAT activity were 
consistently observed after bombardment of cell cultures of the 
cultivar Black Mexican Sweet, which were comparable to CAT 
levels observed after electroporation of protoplasts. Measur- 
able increases in CAT levels were also observed in two 
embryogenic cell lines after bombardment. Gene expression 
was observed only when an intron from the alcohol dehydro- 
genase 4 gene of maize was ligated between the 35S promoter 
and the CAT coding region. CAT activity was detected in cell 
cultures bombarded with microprojectiles with an average 


diameter of 1.2 pm, but not after bombardment with micro- 


projectiles 0.6 or 2.4 xm in dinmeter. Bombarding the same 
sample several times was found to markedly enhance CAT 
activity. These results demonstrate that the particle bombard- 
ment process can be used to deliver foreign DNA into intact 
cells of maize. Because this process circumvents the difficulties 
associated with regenerating whole plants from protoplasts, the 
particle bombardment process may provide significant advan- 
tages over existing DNA delivery methods for the production of 
transpenic maize plants. In addition, the process should be of 
value for studying transient and stable gene expression within 
intact cells and tissues. 

er te este 
Methods for transferring foreign nucleic acids into plant cells 
have helped advance basic studies of gene expression (1) and 
have permitted the introduction of agriculturally important 
traits into some crop species (2). Although the production of 
transgenic plants has become routine for some plant species 
(3), the genetic transformation of most cereal crops has 
proven to be difficult. Many of the methods available for 
delivery of exogenous DNA into cells of higher plants [i.e., 
electroporation (4) or calcium phosphate coprecipitation (5)] 
currently require removal of the cel! wall as a necessary part 
of the transformation system. Although progress has been 
made in regenerating plants from protoplasts of rice (6, 7), the 
regeneration of ceteal protoplasts remains difficult and time 
consuming at best. Isolated cells of tobacco with intact walls 
have been microinjected and regenerated to produce trans~ 
genic plants (8) but microinjection is likely to be limited to 
single cell systems in which the potential for regeneration of 
the injected cells is very high. Transfer of DNA mediated by 
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Agrobacterium tumefaciens provides a desirable alternative 
to protoplast-dependent systems in many dicotyledonous 
species but use of the bacterium for transforming important 
cereal crops has thus far been hindered by the limited host 
range of the bacterium (3). For these reasons, an efficient 
system for delivering genetic material directly into intact and 
regenerable tissues might generally aid in the recovery of 
genetically transformed plants and might specifically en- 
hance our ability to genetically engineer cereal crop species. 

Sanford and coworkers (9) have developed a method 
whereby substances can be delivered into cells of intact 
tissues via a particle bombardment process. Small high- 
density particles (microprojectiles) are accelerated to high 
velocity by a particle gun apparatus, These microprojectiles 
have sufficient momentum to penetrate plant cell walls and 
membranes and can carry DNA or other substances into the 
interior of bornbarded cells. It has been demonstrated that 
such microprojectiles can enter cells without causing cell 
death and that they can effectively deliver foreign genes into 
intact epidermal tissue of Allium cepa (10). However, it has 
not previously been shown that the particle bombardment 
process could be extended beyond the very large-celled 
Allium model system to economically important species that 
have celis of a more typical size. 

We specifically wished to determine the feasibility of using 
the particle bombardment process for delivering exogenous 
DNA into intact cells of maize and to examine some of the 
variables that may influence the efficiency of such delivery. 
The capacity of maize to produce embryogenic cell cultures 
(11) made this species a particularly attractive candidate for 
genetic transformation by the particle bombardment process. 
Suspension cultures derived from the cultivar Black Mexican 
Sweet (BMS) and two embryogenic suspensions were bom- 
barded with microprojectiles coated with plasmid harboring 
a chimeric chloramphenicol acetyltransferase (CAT) gene. 
We have found that high velocity microprojectiles are able to 
carry DNA into intact maize cells and that foreign DNA can 
then be expressed at high levels. 


MATERIALS AND METHODS 


Plasmids. The plasmids used in this study have been 
described (12) and their structures are shown in Fig. 1. The 
plasmid pCaMVI,CN consists of the 355 promoter from 
cauliflower mosaic virus, a fragment (Bel 1/BamH)) from the 
alcoho! dehydrogenase intron ] (Adh1), a CAT coding region, 
and the nopaline synthase polyadenylylation region. The 
plasmid pCaMVCN is identical to pCaMVI,CN but lacks the 
Adhi intron fragment. - 

Plant Materlals. Embryogenic suspension cultures 3-86-17 
and 13-217 were derived from type II embryogenic callus 


erent ptember einen 
Abbreviations: CAT, chloramphenicol acetyitransferase; BMS, 
Black Mexican Sweet maize cultivar. 
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Fic, 1. Diagram of pCaMYCN and CaMV1,CN showing the 
source of the DNA fragments used in construction of the plasmid. 
oCaMVN was derived from pCAMVneo (4) by replacement of the 
neomycin phosphotransferase coding region with that of the CAT 
coding region. The addition of the Bef 1/BamHI Adh] intron 
fragment to the BamHI site at the 5’ end of the CAT coding region 
yielded pCaMVI,CN (12). B, BamHi; 8c, Belt; Bg, Bgl Il; E, EcoRE; 
H, Hindi; X, Xba 1. Amp, ampicillin; kb, kilobase(s). 


(13). The callus was initiated from a maize inbred designated 
R21 (for line 3-86-17) or B73 xX G35 (for line 13-217). Inbred 
R21 was derived from a regenerated plant from a long-term 
callus culture of public inbred B73 and is very similar to B73, 
Both R2] and G35 are proprietary inbred lines of Pioneer Hi 
Bred International! (Johnston, LA). Suspension cultures of the 
cultivar BMS were obtained from V. Walbot (Stanford 
University). Suspension cultures were maintained in Mu- 
rashige and Skoog (MS) medium (14) supplemented with 
2,4-dinitrophenol (2 mg/liter) and sucrose (30 g/liter). The 
suspension cultures were passed through a 710-4um sieve 7 
days prior to the éxperiment, and the filtrate was maintained 
in MS medium. In preparation for bombardment with the 
microprojectiles, cells were harvested from suspension cul- 
ture by vacuum filtration on a Buchner funnel (Whatman no. 
614). The same cell batch from each genotype was used 
within each experiment. 

Particle Bombardment of Suspension Cultures. The particle 
gun device and general methods for bombardment of cells 
with microprojectiles have been described (9, 10). Before 
bombardment, cells (100 mg fresh weight) were placed in a 
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3.3-cm Petri dish. The cells were dispersed in 0.5 ml of fresh 
culture medium to form a thin layer of cells covered by a film 
of medium. The uncovered Petri dish was placed in the 
sample chamber and a vacuum pump was used to decrease 
the pressure in the chamber to 0.1 atm (1 atm = 101.3 kPa) 
(operation in a partial vacuum allows the microprojectiles to 
maintain their velocity over a longer distance, since air 
resistance is an important factor in their deceleration). 

Unless otherwise noted, the cells were bombarded with 
tungsten particles with an average diameter of 1.2 pm (GTE 
Sylvania}. In one experiment, cells were also bombarded 
with microprojéectiles with an average diameter of 0.6 7m 
(GTE Sylvania) or 2.4 pm (General Electric). Plasmid DNA 
was adsorbed to the microprojectiles by adding 5 wt of DNA 
(1 ze per pl of TE buffer, pH 7.7; 0.1 M) to 25 yl of a 
suspension of tungsten particles (0.05 g per mi of distilled 
water) in a 1.5-m! Eppendorf tube. CaCl, (25 yl of a 2.5 M 
solution) and spermidine free base (10 ui of a 0.1 M solution) 
were then added to the suspension. Particles became aggiom- 
erated and settled to the bottom of the Eppendorf tube ~10 
min after addition of CaCl, and spermidine. Most of the 
supernatant (45 yl) was then removed and the particles were 
deagelomerated by briefly (1 sec) touching the outside of the 
Eppendorf tube to the probe (horn type) of a sonicator (Heat 
System/Ultrasonics, Plainview, NY). Five microliters of the 
resulting suspension of microprojectiles was then placed on 
the front surface of a cylindrical polyethylene macroprojec- 
tile. The macroprojectile was then placed into the barrel of 
the particle gun device and a blank gun powder charge (no. 
1 pray extra light; Speed Fasteners, Saint Louis) was loaded 
into the barre] behind the macroprojectile. A firing pin device 
was used to detonate the gun powder charge, accelerating the 
macroprojectile down the barrel of the device where it 
impacts with a stopping plate. Upon impact, the micropro- 
jectiles are propelled from the front surface of the macro- 
projectile and continue toward the celis through a small 
aperture in the stopping plate. The cells were positioned 15 
cm from the end of the barrel of the particle gun. After 
bombardment, the Petri dish was removed from the appara- 
tus and the cells were transferred to 5 ml of fresh medium in 
a 15-ml polypropylene tube. The cells were then maintained 
in this tube with agitation at 27°C until harvested for analysis 
Controls consisted of cells bombarded with microprojectiles 
lacking DNA. 

In one set of experiments, the cells were treated either with 
a medium of high osmotic potential or with a mixture of 
medium and mineral oil during bombardment. In the first case, 
100 mg of BMS cells was dispersed in 0.5 ml of MS medium 
supplemented with mannitol (0.4 M), 30 min prior to bom- 
bardment. After particle bombardment, the cells were left in 
the mannitol-containing medium for an additional 30 min, after 
which they were resuspended in 5 mi of standard MS medium. 
In the second case, the cells were dispersed in an emulsion of 
either 0.1 mi of sterile mineral oif and 0.5 ml of MS medium, 
0.2 ml of mineral oil and 0.4 ml of MS medium, or 0.6 ml of MS 
medium lacking mineral oil. After bombardment, the cells 
were suspended in 5 mi of MS medium. 

CAT Assays. Analyses of CAT activity were performed 96 
hr after bombardment. Tissue extracts were prepared by 
sedimenting the cells at ~13,000 x g for 10 min in a 1.5-m! 
Microfuge tube. The supematant was removed and 100 yl of 
buffer (0.25 M Tris‘HCI, pH 7.8) was added to the pellet. The 
sample was homogenized on ice for ~2 min with a disposable 
polypropylene pestle (Kontes) driven at 300 rpm by an 
electric motor. After grinding, the sample was Vortex mixed 
briefly to complete the extraction of soluble protein. Cell 
debris was removed by centrifugation at 13,000 x g ina 
Microfuge at 4°C for 10 min. The supernatant was decanted 
and normalized to a volume of 200 yl with the TrisHCl 
buffer. 
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Fig. 2. Detection of CAT reactian products by TLC and autoradiography 4 days after bombardment of BMS suspension cultures. Lanes: 
a, ¢, and ¢, bombardment with 1.2-4m projectiles coated with pCaMVI,CN; b, d, and f, bombardment with naked projectiles; g, unreacted 
chloramphenicol substrate; h, positive control—products produced by purified bacterial CAT enzyme (0,010 unit). The positions of unreacted 
chloramphenicol (CAP) and the enzymatic products l-acetylchloramphenicol (1-AcCAP) and 3-ncetylchloramphenicol (3-AcCAP) are shown. 


The CAT activity in the extracts was determined as 
reported (15) except the samples were heated at 60°C for 12 
min before addition of substrates. The reaction mixture was 
mctbated for 1.5 hr at 37°C, and reaction products were 
extracted from the mixture with 300 ul of cold ethyl acetate, 
air dried, and resuspended in 20 yl of ethyl acetate for 
spotting on TLC plates (Baker, Phillipsburg, NJ). After TLC 
resolution of chloramphenicol and its acetylated derivatives 
by using chloroform/methanol (95:5), autoradiograms of the 
TLC plates were made (60-hr exposure at 22°C; DuPont 
Cronex film). — 

Quantitative results were obtained by scintillation counting 
of separated spots of chloramphenicol and its acetylated 
derivatives, and the percentage conversion to acetylated 
products was calculated. CAT activity (1 unit of CAT 
catalyzes the acetylation of 1 ng of chloramphenicol per min 
at 37°C) was determined by comparison with a standard curve 
of acetylation conversions obtained with punfied bacterial 
CAT (P-L. Biochemicals). Protein in the cell extracts was 
determined according. to Bradford (16). CAT activity was 
standardized on the basis of units of CAT activity per me of 
soluble protein. 


RESULTS 


CAT activity was compared in suspension cell cultures of 
BMS after bombardment with naked microprojectiles and 


Table 1. Introduction of DNA into BMS maize suspension cells 
by using high-velocity microprojectiles 


Mean CAT activity fold 
Exp. Treatment Control increase F test* 

] 5.7 (36.1) {)..1 (1.8) 20.1 6.00 (6 00) 
(n = 16) 

2 1.8 (19.3) 0 6 {0.9} 21.4 0.17 (0.13) 
(a = 4) 

3 4.3 (34 7) 0.0 (0.2} 173.5 0.10 (0.06) 
(n = 3) 

d 1.5 27.0) 0.0 (0.2) 85.5 0.10 (0.26) 
(n = 2) 


In each experiment. BMS cells were bombarded with 1.2-pm 
tungsten particles that were coated with pCaMVI,CN (treatment) or 
left uncoated {control}. 1, Number of replicates in each experiment. 
CAT activity is expressed as enzyme units {<x 10} per mg of protein 
(percentage chloramphenicol converted to its acetylated derivatives 
shown in parentheses). Calculation of the -fold increase of treatment 
over contro] was based on percentage conversion. 

“Probability that the difference between treatment and control is due 
only to chance, based on analysis of variance by F test. 


microprojectiles coated with pCaMVI,CN. As shown in Fig. 
2 and Table 1, increases in CAT activity were consistently 
abserved in the treatments involving the pCaMVI,CN plas- 
mid. The induced levels of CAT activity were typically 20- to 
200-fold greater than the CAT activity in the controls. CAT 
activity in BMS was monitored over a 4-day period following 
bombardment with microprojéctiles coated with pCaMVI,- 
CN. Expression of the introduced CAT gene was detectable 
24 hr after bombardment and was still high after 96 hr of 
incubation (data not shown). CAT activity was also measured 
after 96 hr in BMS cells bombarded with pCaMVCN (no 
intron). Expression in these cells was not greater than 
background levels found in cells bombarded with uncoated 
microprojectiles. Consequently, all subsequent experiments 
were performed with the pCaMVI,CN plasmid. 

The postbombardment CAT activity of two embryogenic 
cell suspensions clearly revealed that DNA was being deliv- 
ered into these cell lines, but generally at Jower rates than 
observed in BMS (Table 2). 

Samples of BMS were subjected to repeated bombard- 
ments with plasmid-coated microprojectiles, Multiple bom- 
bardments of the same sample clearly produced higher levels 
of CAT activity than did single bombardments (Table 3, Fig. 
3). Triple bombardment was seen to increase CAT activity in 
a similar manner in the embryogenic line 3-86-17 (Fig. 3). 

The effect of microprojectile diameter was examined by 
monitoring CAT expression after bombardment with differ- 
ent particle sizes (Table 4). BMS suspensions were bom- 
barded with microprojectiles that were 0.6, 1.2, or 2.4 um in 
diameter. Significant levels of CAT activity were only found 
in cells bombarded with microprojectiles with an average 
diameter of 1.2 xm. 


Table 2. Delivery of DNA into cell suspensions of embryogenic 
(3-217, 3-86-17) and nonembryogenic (BMS) cell Hines 


Mean CAT activity fold 
Line Treatment Control increase 

BMS 1.6 (7.7) 0.1 (0.5) 15.4 
{na = 3} {n = }) 

13-217 0.1 (6.7) 6.0 (0.3) 23 
(a = 2) (nx = 1) 

3-86-17 6.2 {1,7} 06(0.4) 4.3 
(nm = 2) {n = }) 


Particles were either coated with pCaMVI,CN (treatment) or 
withont DNA {control}. CAT activity is expressed as enzyme units 
(x 10") per mg of protein (with percentage conversion in parenthe- 
Ses}, as measured 96 hr after bombardment. The -fold increase was 
calculated based on conversion rates. 
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Table 3. Effect of multiple bombardments on BMS 
Mean CAT activity 
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Fable 4. Effect of microprojectile diameter on DNA delivery 


into BMS cells 





Mean CAT activity 


t sseenaaiened 


~fald 

Size, zm Treatment Centro} increase 
0.6 0.0 (0.2) 0.0 (0.2) 1.0 
2 1.5 (17.4) 0.0 (6.2) 85.8 
2.4 0.0 (0.3) 0.0 (0.2) 2.5 


-fold 
Bombardments Treatment Control increase 
} 3.5 (28,3) 0.0 (00.2) 141.5 
(n == 4) (n = 1) 
2 11.0 (57.0) 6.0 (06.2) 285.0 
{a = 2) {n = }} 
3 13.5 (70.0) 0.0 (00.2) 350.0 
(n = 32} {mn = 3) 


Particles (1.2 pm) were coated either with pCaMV1,CN (treat- 
ment) or without DNA (control). CAT activity is expressed as 
enzyme units (x 10") per mg of protein (with percentage conversion 
in parentheses}. The -fold increase was calculated based on percent- 


age conversion. 


Two treatments that could potentially limit the damage to 
cells caused by microprojectile penetration were evaluated. 
To reduce turgor pressire, cells were incubated in MS 
medium containing 0.4 M mannitol prior to bombardment. It 
was observed that the osmotically adjusted cells exhibited a 
substantially lower level of CAT activity than cells main- 
tained in the normal MS medium during bombardment (data 
not shown). In another experiment, sterile mineral oi! was 
added to the cell suspensions such that many cells became 
coated with a layer of oil. Addition of different amounts of 
mineral oil to cell suspensions did not enhance CAT activity 
in relation to cells bombarded in normal culture medium (data 


not shown). 


DISCUSSION 


Consistently high levels of CAT activity were found in cell 
cultures of BMS after bombardment with microprojectiles 
coated with plasmid bearing a chimeric CAT gene (pCaMVI,- 
CN). The levels of CAT expression in cells bombarded with 
pCaMVI,CN-coated microprojectiles were often 200-fold 
greater than in controls and were comparable to CAT levels 
previously observed in bombarded onion tissue (10). The 
dramatic increase in CAT activity after bombardment was 
not unlike that previously seen in protoplasts of BMS 
electroporated with this plasmid (13, 17). These results 
tinambiguously demonstrate that high-velocity microprojec- 
tiles can be used to carry foreign genes into intact cells of 
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Particles were coated either with pCaMVJ,CN (treatment) or 
without DNA (control). CAT activity is expressed as enzyme units 
(x 10") per mg of protein (with percentage conversion in parenthe- 
sts). The -fold increase was calculated based on percentage conver- 
sion. 


maize. However, bombardment with pCaMVCN-coated 
microprojectiles {lacking the Adh1 intron) failed to induce 
obvious increases in CAT activity. In electroporation exper- 
iments with BMS protoplasts, this same plasmid induces 
detectable levels of CAT activity, although at only one-tenth 
the level induced by the same construct with the Adh] intron 
placed between the CAT coding region and 35S promoter 
(13). The fact that the intron-containing construct was nec- 
essary to detect expression after particle bombardment may 
supgest that DNA delivery by microprojectiles to intact cells 
by the present technology is still less efficient than DNA 
delivery to protoplasts by electroporation. 

The fact that CAT activity was readily detectable in BMS 
and two embryogenic suspension cultures sugeests that the 
particle bombardment process may be used in diverse gen- 
otypes or tissue types. While the experiments summarized in 
Table 2 indicate that particle bombardment mpy be less 
efficient in embryogenic cell lines than in BMS, more recent 
experiments indicate that bombardment parameters can be 
adjusted so that CAT levels can be achieved in embryogenic 
cell lines that are equal to those observed in BMS. 

Numerous variables can be further optimized to increase 
the efficiency of delivery by the particle bombardment 
process. For example, repeated bombardment of the same 
sample led to marked increases in CAT expression. This 
suggests that modifications in the number and spatial distri- 
bution of particles that impact the target tissue may increase 
the number of cells that are penetrated and that receive DNA. 
Optimization of these factors should be possible by design 
changes in the macroprojectile and stopping plate of the 
particle gun apparatus. 











32-AcCAP 
1-AcCAP 
A CAP 
F G H Treatmant 
26.44 0.12 18.43 % Conversion 
1.50 9.00 1.00 Unite x 102 


aed by TLC and autoradiography. Lanes: a, single bombardment of a 
bombardment of a BMS cell suspension with pCaMVI,CN-coated 
h pCaMVI,CN-coated partictes; d, single bombardment of a 3-86-17 
single bombardment of a 3-86-17 embryogenic cell suspension with 
ryogenic cell suspension with pCaMVI,CN-coated microprojectiles; g, 
bacterial CAT enzyme (0.020 unit). Percentage conversion represents 


proportion of total radioactivity recovered as products—units of CAT activity are defined in the text. The positions of unreacted chloramphenicol 
(CAP) and the enzymatic products 1-acetylchforamphenicol (1-AcCAP) and d-acetyichloramphenicol (3-AcCAP) are shown. 
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The size of the microprojectiles used for bombardment 
Clearly influenced levels of CAT activity. Although tungsten 
particles with an average diameter of 1.2 um proved superior 
to the other two sizes tested in this study, optimal particle 
size has yet to be determined and may differ for specific cell 
types. Particles that are too small may fail to penetrate certain 
cells, while particles that are too large will be lethal to others. 
Factors other than cell size, such as thickness of the cell wall 


or abundance of intracellular nucleases, may also affect the 


efficiency of transformation by microprojectiles. 

One factor we felt would be important to cell survival was 
osmotic pressure. We assumed that it would be desirable to 
reduce turgor pressure and thereby limit the loss of cell 
cytoplasm through lesions in the cell wall formed by micro- 
projectile penetration. Such osmotic adjustment is often 
essential in microinjection experiments. Experiments in 
which mannitol was used to increase the osmotic pressure of 
the surrounding medium indicate that this was not beneficial 
but was actually deleterious. Reductions in turgor pressure 
may have decreased the efficiency of microprojectile pene- 
tration. , . 

it was also thought that a layer of oil over the cells might 
improve viability by helping to seal lesions after penetration. 
Mineral oi] did not change CAT expression in bombarded 
cells. It is possible that the viscosity of the oil reduced the 
velocity of the microprojectiles, thereby reducing penetra- 
tion efficiency and counteracting any beneficial effect. 

Numerous bombardment and culture variables remain to 
be determined and optimized. These variables include the 
distance that the cells are placed from the aperture of the 
stopping plate, the velocity at which the microprojectiles 
impact the cells, the degree of vacuum within the sample 
chamber during bombardment, and the size and shape of the 
microprojectiles. The optimal mode of DNA absorption to 
the projectiles and better ways to optimally distribute and 
anchor cells before bombardment also need to be determined, 

The particle bombardment process should offer several 
signiftcant advantages for delivering nucleic acids to plant 
cells and may be of particular value for species in which 
efficient transformation and protoplast regeneration systems 
do not presently exist. One appealing feature of the particle 
bombardment process is that it allows treatment of cells 
whose wails are intact. Because the obstacle of regenerating 
whole plants from protoplasts may be circumvented, the 
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genetic engineering of important gtain species may be faci]- 
itated. Transient assays of genes introduced into cells by the 
particle bombardment process should also aid in studies of 
gene expression in economically important monocots, par- 
ticularly since it may be possible to deliver genes to cells 
within intact tissues, The particle bombardment process may 
thus make investigations of tissue-specific gerte expression 
possible without the need for regenerating whole plants. 


We thank Nelson AHen and Edward Wolf for their efforts in the 
continuing evolution of the particle gun apparatus and Sheila Mad- 
dock for supplying the embryogenic cell cultures. This work was 
supported by grants from the U.S. Department of Agriculture and the 
Cornell Biotechnology Program. 


1. Kuhlemeier, C., Green, P. J. & Chau, N.-H. (1987) Annu. Rev. 
Plant Physiol, 38, 221~257. 

2, Goodman, R. M., Hauptli, H., Crossway, A. & Knauf, V. C. 
(1987) Science 236, 48-54. 

3, Fraley, R. T., Rogers, R. B. & Horsch, R. B. (1986) CRC Crir. 
Rev. Plant Sci. 4, 1-46. 

4, Fromm, M., Taylor, L. P. & Walbot, V. (1986) Nature 
(London) 319, 793-793. 

5. itn Baker, B. & Schell, J. (1985) Mol. Gen. Genet. 199, 

6. Fujimura, T., Sakurai, M., Akagi, H., Negishi, T. & Hirose, A. 
(1985) Plane Tissue Cult. Lett, 2, 74-75. 

7. Abdullah, R., Cocking, B.C. & Thompson, J. A. (1986) 
Bio/Technology 4, 1087-1090. : 

8. Crossway, A., Oakes, J. V,, Irvine, J. M., Ward, B., Knauf, 
Mees Shewmaker, C. K. (1986) Mol. Gen. Genet. 202, 

9. Sanford, J. C., Klein, T. M., Wolf, E. D. & Allen, N. (1987) 
Particle Sci. Technol. 5, 27-37. 

10, Klein, T. M., Wolf, E. D., Wu, R. & Sanford, J. C. (1987) 
Nature (London) 327, 70-73. 

i}, Trier K. & Hodges, T. K. (1986) Plant Sci. Lett. 45, 

12. Callis, J., Fromm, M. & Walbot, V. (1987) Genes Dev. 1, 
1283-1200. 

13. Green, C. E., Armstrong, C. L. & Anderson, P. C. (1983) in 
Molecular Genetics of Plants and Animals, eds. Downey, K., 
Vocilmy, R. M., Fazelahmad, A. & Schultz, J. (Academic, 
New York), Vol. 20, pp. 147. 

14. Murashige, T. & Skoog, F. (1962) Physiol. Plant. 18, 473-497. 

15. Gorman, C. M., Moffat, L.. F. & Howard, B. H, (1982) Mol. 
Cell. Biol, 2, 1044-1051, 

16. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254. 

17. Fromm, M., Taylor, L. P. & Walbot, V. (1985) Proc. Nail. 
Acad. Sci. USA 82, 5824-5828. 


MGA0058075 


